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Introduction
Nuclear masses give access to nuclear binding energies. High-precision mass measurements thus provide valuable information on pressing questions in nuclear physics, e.g. the formation of halo nuclei [1] , the generation of heavy elements in the universe [2, 3] or the nuclear structure of superheavy elements [4, 5] . Penning traps are state-of-the-art tools to directly measure atomic masses with relative uncertainties of typically 10 −8 [6, 7] . From such accurate mass values several characteristic indicators of nuclear structure effects like the twoneutron separation energy S 2n (Z, N) can be derived.
Here, we investigate the shell-structure evolution along the Rn isotopic chain between N = 117 and N = 121. In the following, we report on the masses of the neutron-deficient 203−207 Rn (N = 117 -121) and 213 Ra (N = 125), which were measured directly for the first time (see Fig. 1 ). Their mass values listed in the Atomic-Mass Evaluation 2003 were determined via alpha-decay energies and the masses of their daughter nuclides that were directly measured by the ESR storage ring at GSI [8] . The properties of the investigated nuclei are of interest due to their vicinity to the closed proton shell at Z=82. Neutron number decay chains to nuclei up to uranium and, therefore, their precise mass determination helps to improve the mass values of heavier elements. While in the case of 203 Rn the mass of the long-lived excited state was measured, for all other nuclides the ground-state mass has been determined. Some of the relevant nuclear properties of the ground states and the known isomeric states of the investigated nuclides are presented in Table 1 . The results are compared to previously published values and nuclear shell effects are discussed using the obtained S 2n values.
Experimental setup and methods
The investigations were performed with the Penningtrap mass spectrometer SHIPTRAP [4, 9] at GSI/Darmstadt. SHIPTRAP (see Fig. 2 ) is installed behind the velocity filter SHIP (Separator for Heavy Ion reaction Products) [10] . In this work, the results of three measurement periods are discussed: In the first experiment in August 2009, 48 Ca projectiles were accelerated to an energy of 4.4 MeV/u with the UNIversal Linear ACcelerator (UNILAC) and reacted with a dysprosium target (470 µg/cm 2 with natural isotope abundances) to produce 204−207 Rn. In addition, an erbium target the statistical-model code HIVAP (Heavy Ion eVAPoration) [13] are listed in Table 2 . The evaporation residues were separated from the projectiles by the velocity filter SHIP [10] . Mainly radon isotopes, but also astatine and polonium (with a 10% and 5% production rate of all radon isotopes, respectively), entered the gas cell [14] through a titanium window of 3.6 µm thickness. The ions were slowed down and thermalized in high-purity helium buffer gas at a pressure of 60 mbar. After passing a Radio-Frequency-Quadrupole (RFQ) structure, i.e. the extraction RFQ, the ions were further cooled and accumulated in an RFQ buncher.
To estimate the charge-state distribution of radon and radium ions, the RF amplitudes of the extraction RFQ and the RFQ buncher were set such that one charge state at a time was able to pass both devices [15] . The number of transmitted ions was counted with a micro-channel plate detector behind the buncher (see Fig. 2 ). The ratio between singly and doubly charged ions was 1.3 for the radon isotopes and 0.3 for radium, respectively. Thus, settings optimized for singly charged radon and doubly charged radium ions were used. The ion bunches were injected into the tandem Penning-trap system placed in a 7-T superconducting magnet. There, the charged particles were confined in a homogeneous magnetic field and a quadrupolar electrostatic field. In the first (purification) trap an isobarically pure sample of ions was prepared by mass-selective buffer-gas cooling [16] . After passing a pumping barrier [17] of 1.5 mm in diameter and a length of 47 mm, the ions entered the second trap where high-precision mass measurements were performed by use of the Time-ofFlight Ion-Cyclotron-Resonance (ToF-ICR) technique [18] . The mass determination is based on the measurement of the cyclotron frequency
where q/m is the charge-to-mass ratio of the stored ion. The magnetic-field strength B was determined by measuring the cyclotron frequency of a reference ion with well-known mass. With increasing cyclotron-excitation time T exc the resolving power R increases according to the Fourier transform of the rectangular excitation function [19] as
The masses of the ions 203−207 Rn + and 213 Ra 2+ were measured with excitation times T exc between 0.6 s and 6 s. As an example, a time-of-flight resonance of 206 Rn + is displayed in Fig. 3 . From a fit of the Rn + ions with a cyclotron excitation time T exc = 0.6 s. The solid line is a fit of the expected line shape to the data points [20] .
resonance function [20] to the data the cyclotron frequency ν c is obtained with a statistical uncertainty δν c . A count-rate class analysis [21] was performed and the cyclotron frequency was extrapolated to one detected ion per cycle, including the detector efficiencies, to minimize systematic cyclotron-frequency shifts due to contaminant ions and ion-ion interaction [19, 22] . The magnetic-field strength at the time of the measurement of the ion of interest was interpolated linearly from reference-ion cyclotron-frequency measurements before and after that of the ion of interest. [23] were used as reference ions. The non-linear magnetic-field fluctuations were considered by including a systematic uncertainty term. For the analysis of the data for the 2009 experiment, a magnetic-field related uncertainty of δ B = 1.3 · 10 −9 /h [9] was used. In the second and third experiment, magnetic-field fluctuations of the superconducting magnet were reduced by an active stabilization of the bore temperature and the pressure in the LHe cryostat of the solenoid. This resulted in a lower magnetic-fieldrelated uncertainty of δ B = 7.6 · 10 −11 /h [24] . The mass-dependent uncertainty δ m [25] was negligible compared to the statistical uncertainty of the present measurements. From the cyclotron frequency of the ion of interest ν c and the cyclotron frequency of a reference ion interpolated to the time of the measurement of the ion of interest ν c,re f results the frequency ratio r i
for each measurement i. The atomic mass m of the nuclide is then determined for ions of charge state z via
where r is the weighted average frequency ratio, m e is the electron mass and m re f and z re f are the atomic mass and the charge state, respectively, of the reference ion. The statistical uncertainty δr i for the individual frequency ratio r i is given by
Furthermore, the magnetic-field related uncertainty δ B is added quadratically,
where ∆t is the time between two consecutive reference measurements. The duration between two consecutive measurements is a few hours depending on the production rate of the ion of interest. The internal uncertainty of the average frequency ratio r is given by
The external uncertainty considers the scattering of the single frequency ratios. The larger of these two values was taken as the uncertainty δr. Finally, a relative systematic uncertainty δr sys = 4.5 · 10 −8 [25] was added quadratically. The final uncertainty δr total is thus given by
3 Results and discussion
Frequency ratios and mass excess values
The frequency ratios obtained in the three experiments are listed in Table 3 . The relative mass uncertainty was on average 7·10 −8 . Instead of the masses m themselves, often the mass excess values
are given [23] , where A is the atomic mass number and the atomic mass unit u = 931.494013(37) MeV/c 2 [26] . The resulting mass-excess values of the nuclides investigated as derived from the frequency ratios (Table 3) are listed in Table 4 . For nuclides whose mass has been determined with different reference ions the weighted average for the mass excess is given. The results are compared to the values of the AtomicMass Evaluation 2003 [23] in Fig. 4 . The mass uncertainties of the isotopes 205 Rn, 206 Rn and 213 Ra were reduced. In the following, the nuclides are discussed in detail. Fig. 4 : Differences between the AME values ME(AME) (black points) and the measured massexcess values ME(SHIPTRAP). The grey band indicates the uncertainties of the present results. For a detailed discussion see text. Table 4 : Comparison between the mass-excess values of the AME (ME AME [23] ) and the present experimental results (ME exp ). The difference ∆ = ME AME − ME exp between the AME values and the experimental results is shown in the fourth column.
Nuclide ME AME / keV ME exp − (a spin and parity of 5/2 − cannot be unambiguously excluded). Based on their half-lives, both states could have been present in our measurement. The measurements with a resolving power from 1·10 6 to 3·10 6 , corresponding to excitation times T exc from 2 s to 6 s, were suitable to resolve states with excitation energy differences higher than 150 keV. A frequency range of 2 Hz that covers an energy interval of approximately 750 keV was scanned. However, only one resonance was found. The measured mass excess of the isotope 203 Rn of ME=-5783 (28) keV deviates from the AME value for the ground-state mass of -6160(24) keV by -377(36) keV but agrees well with the ME of the isomeric state of -5798(24) keV. Thus, we assume that in this particular fusion-evaporation reaction the high-spin state was much stronger populated than the ground-state. The AME mass value was determined via alpha-gamma-spectroscopy [27, 28, 29, 30] . The decay chain is fixed by a direct mass measurement of the daughter nuclide 199 Po in the experimental storage ring ESR at GSI [8] . 204 
Rn
The mass of this isotope was determined in all three runs (see Table 3 ). In the performed experiments the mass-excess values -8050(55) keV, -7961(9) keV and -8012(23) keV were obtained. A large scattering between the experimental results is observed. The final result is mainly determined by the frequency ratio recorded in the second experiment with an excitation time of 4 s, a considerably higher statistics than the other resonances and practically no background. The resulting average mass-excess value of -7969(15) keV confirms the AME value of -7984(15) keV based on alpha-gamma spectroscopy of 204 Rn [27, 28, 29] and the directly measured mass of the daughter nuclide 200 Po in the ESR [8] . 205 
The mass of 205 Rn was also measured in all three runs. The mass-excess values determined in all three experiments are in good agreement with each other. The mass excess was determined as -7698 (9) keV. This result is in good agreement with the AME value -7710(50) keV [23] . The latter was derived from alpha-decay spectroscopy [27, 28, 31] and direct mass measurements of the daughter nuclide 201 Po in the ESR [8] . The ground state has a halflife of 170(4) s and a spin and parity assigned as 5/2 − [11]. According to recent investigations [12] , this isotope has an isomeric state with spin and parity of 13/2 + at an excitation energy of 657.1(5) keV with an estimated half-life of more than 10 s. The excitation energy of the long-lived state was determined via gamma-conversion-electron coincidence measurements. However, due to contaminations in the concerning gamma line this assignment is tentative. With typical cyclotron excitation times of 1 s the mass resolution of the Penning trap is about 400 keV, which is sufficient to detect the presence of this isomer. The scanned frequency range of 5 Hz covers an energy interval of approximately ± 900 keV. However, no admixture of the isomer to the ground state was detected. The discrepancy between the presence of the isomeric state in 203 Rn and the ground-state in 205 Rn could link to an overestimation of the halflife of 205m Rn in [12] . An isomeric state with a halflife in the range of milliseconds, and shorter, would have been completely decayed when the measurement cycle is finished, and thus only the ground-state would remain. Due to the unclear results in [12] , an unambiguous correlation between the 13/2 + state and the excitation energy of 657.1(5) keV cannot be made. An isomeric state with an excitation energy higher than 900 keV would not have been observed in the present measurement.
The measured mass excess of 206 Rn is -9139(10) keV. The mass-excess values of the first and the third experiments are in good agreement with each other. The difference between the massexcess values given in the AME and the SHIPTRAP result is 23 (18) keV. The AME value is based on alpha-decay chains [27, 28, 32] linked to a direct mass measurement of 202 Po [8] .
207 Rn
The isotope 207 Rn has an isomeric state at an excitation energy of 899.1(10) keV and a spin and parity of 13/2
. With a half-life of 184.5(9) µs this isomer has decayed before it reaches the measurement trap. Thus, we can conclude that only the ground state with a spin and parity of 5/2 − has been investigated. The measured mass excess of -8685(26) keV deviates by 54(37) keV from the AME data. The AME input values [27, 32, 33] have been determined via alpha-gamma spectroscopy and direct mass measurement of the daughter nuclide 203 Po in the ESR [8] . 213 
Ra
The isomeric state of this isotope (with a tentative spin-parity assignment of 17/2 + or 17/2 − ) has an excitation energy of 1770 (7) keV and a half-life of 2.15(5) ms. The cycle time of the whole measurement is orders of magnitude longer. Thus, only the ground state was detected. The difference between the mass excess determined in this work (342(11) keV) and the AME value (358(20) keV) is 16(23) keV. The AME mass value of 213 Ra is based on alpha-decay chains [34, 35] to 205 Po, whose mass has been measured directly in the ESR [8] .
Two-Neutron Separation Energies
The two-neutron separation energy
where m N is the neutron mass, is an often-used quantity to probe the evolution of the nuclear structure. The S 2n values show a smooth decrease as the neu- tron shell is filled, here between the magic numbers N = 82 and N = 126 (see Fig. 5 ). At a shell closure there is a steep decrease in the S 2n values due to the reduced binding for the first neutron above the magic neutron number. The S 2n values derived from the experimental results between N = 114 and N = 126 including our work for the neutron-deficient Rn isotopes follow this trend nicely. This indicates that the deformation of the radon nuclei with four additional protons compared to Pb, with the magic proton number Z = 82, is comparable to those of the Pb isotopes [36] , which confirms the results of previous investigations [37] .
The new experimental two-neutron separation energies were compared to the values obtained from the liquid-drop model [38] with the coefficients of the semi-empirical mass formula taken from [39] in the range between N = 114 and N = 125 (see Fig.  6 ).
The liquid-drop model treats a nucleus as a drop of an incompressible fluid. From the difference of the two-neutron separation energies and theoretical predictions of the liquid-drop model for closeto-spherical nuclei one can obtain the size of the shell effects. In Fig. 6 the energy difference between the liquid-drop model and experimental results decrease as we move away from the closed proton shell configuration of Pb and from the closed N = 126 neutron shell. This is linked to the incapability of the liquid-drop model to describe shell effects. Moreover, an odd-even staggering superimposed to the linear increase is observed which becomes more and more emphasized for nuclides with higher proton numbers. The pairing term of the liquid drop model has a negligible effect on the calculated two-neutron separation energies and is therefore insufficient to describe the odd-even staggering observed in Fig. 6 . A more elaborated model to describe the pairing is needed to explain the observed behaviour of the two-neutron separation energies.
Summary
Precision mass measurements of 203−207 Rn and 213 Ra were performed with the Penning-trap mass spectrometer SHIPTRAP. Overall, the AME values [23] based on nuclear decays agree with these first results of direct mass measurements. The uncertainties in the mass-excess values of the isotopes 205 Rn, 206 Rn and 213 Ra were reduced to about 10 keV. Furthermore, in the region of N = 116 to 122, there are indications for a proton-number dependent oddeven staggering in excess of the description by the liquid-drop model.
